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ABSTRACT 


can IVllZsllf. S^ssessment indicates that 
accurate predications of transition times can be made for the orbiter at hyp 

s-4lTn2 =2f 

a correlation ba.ed on critical end effective vines of a roughnes. Reynold. on. 
her previously derived from wind tunnel data. 


INTRODUCTION 


Eo°cheoges in he.t tr.nefer tete. end loed. censed by boundary Uyer transition 

v3£ « on which 

plex as the orbiter, the design, development, and construction p *° cc “ t j 

L comaenced before more specific correlations could be developed. In particul 
the TPS was sized using smooth surface transition predictions derived ^om orbiter 
TJ tlZl data and correlated with the popular transition *£« d llced 

present premature roughness- induced transition, smoothness constraints were place 
P u t*T>c m tUe "effective” roughness concept developed by van Driest and 

H^vrre^ the SrS hel^febrioeted, it bee... appar.ot that the 
initial ' snoothness re^itecent. <k - 0.017" to 0.04") oould oot be achieved vith- 

flow field^nalvses 3 ’ 4 resulting in more refined orbiter heating and boundary 
evr tvoauS prediction .ethodologiea.5.^ Becaoae the orbiter windward a.r- 
aTiTSS- of • large oo.ber of TPS tile., the tr.naition criterion had to 
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include the effects of distributed roughness arising from tile misalignments and 
gaps. The individual tiles and gaps are visible in the photograph shcwm in Fig, !• 


Although the development of these methodologies could not always suxpport the 
orbiter TPS design and construction schedule, the results were very useful in pro- 
viding more quantitative estimates of aero thermodynamic uncertainties^ necessary to 
support safety requirements for man-rated spacecraft operations. Furtitermore, with 
regard to boundary layer transition, the analyses performed in Refs, 5- 5, and 7. 
which better defined the sensitivity of orbiter boundary layer transitirm to sur- 
face roughness caused by these TPS tile misalignments and gaps, allowed zhe strin- 
gent surface smoothness requirements initially imposed on the orbiter be 
relaxed. In so doing, excessive concerns regarding TPS tile manufacturing and in- 
stallation tolerances were also reduced, which contributed to an earlier rollout 
and flight schedule for the orbiter. 


The transition methodology developed in Ref. 7, which was used extensively for 
making pre flight assessments of the effects of surface roughness on orbiter bound- 
ary layer transition, is based on a relatively straightforward extrapolation of 
wind tunnel data correlations to flight conditions using local flow fief-d parame- 
ters. This methodology requires precise geometric and dynamic flow simulation, 
which is a necessary condition for simulating both the magnitude and distribution 
of local flow field properties. Application to orbiter flight conditions was made 
on the premise that uncertainties in boundary layer transition data from hypersonic 
wind tunnels are always conservative; i.e., it is "well known" that boomdaxy layer 
transition on a wind tunnel model occurs at lower Reynolds numbers than in flight 
because of disturbances or noise within the tunnel free stream. However', this 
premise is true only for aerodynamically smooth bodies, or bodies with rrraghness 
heights and/or other shock-layer-induced flow disturbances that do not ciorainate 
the transition process. Studies (Refs. 2, 9, and 10) aimed at defining the com- 
bined effects of roughness and free-stream disturbances for simple bodies with 
localized roughness elements have been conducted for the subsonic and suzpersonic 
flow regimes. Fewur studies have addressed the same issue for configurations as 
complicated as the orbiter while at hypersonic flow conditions and low vaalues of 
T w /T 0 and uith the additional complexity of having multiple sources of flow dis- 
turbance?, such as distributed roughness elements , wind tunnel free-stre^m noise, 
and disturbances from the curved bow shock entropy gradient. 


With the completion of the Space Transportation System (STS) test flights, a 
• ubstantial aerothermodynamic data base has been compiled which provides the oppor- 
tunity to evaluate the orbiter boundary layer transition prediction methodology . To 
this end, the primary purpose of this paper is to provide additional information and 
insight into the requirements for developing a reliable transition methodology based 
primarily on wind tunnel data because, in most cases, only wind tunnel carta exist 
on a given configuration at the’ time that critical design decisions need to be made 
for the project. In addition, this paper will present transition data from the 
first five flights of the orbiter in a form usable to the technical comanunity, make 
comparisons of these data with previously published wind tunnel data, shew compari- 
sons of predicted transition times with flight data, and use the results of these 
comparisons to assess and improve the accuracy of the current^ orbiter remndary 
layer transition prediction methodology. Emphasis will be placed on rev levin g the 
wind tunnel data in 1_, -f ’“he STS flight data in order to establish a rransition 
prediction methodology Li orbiter that will be less dependent on free— stream 

disturbances that exis^ * ■:. the wind tunnel. To accomplish this, the relative impor- 
tance of tunnel free— stt earn noise and surface roughness on boundary layer" transition 
distributions will be established from the data bases. In an effort to present the 
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data as completely as possible, several common transition parameters were used in 
making the comparisons (Reco Re x , Re0/M, and Re^)* Care was also taken to assure 
that comparable ranges of flow conditions and vehicle attitudes were used. 3ecause 
most of the transition parameters are defined using local flow conditions, results 
will be limited to the orbiter windward centerline where flow conditions can be 
accurately predicted based on correlations of the 3-D flow field results oz ?.ef. c. 


ORBITER FLIGHT TEST (OFT) PROGRAM 


The OFT program, consisting of the first four STS flights, was designed to pro- 
vide informal Lon to certify the hardware for the orbiter subsystems and the method- 
ologies used to design these subsystems. This was safely accomplished by planning 
these flights to provide relatively benign conditions for the orbiter at first, with 
each successive flight progressively stressing the orbiter subsystems closer to de- 
sign levels. The fifth flight, although officially an operational flight, also pro- 
vided data of a redundant nature that can also be used for certification purposes. 
Transition data from all five flights were utilized to fulfill the purposes of this 
paper . 


Flight Instrumentation 

For these developmental flights, an onboard instrumentation system, referred to 
as the development flight instrumentation (DFl), provided the -data necessary for 
certification studies. Although quite extensive, only the locations of the surface 
thermocouples (thermocouples located within selected TPS tiles which were in con- 
tact with the TPS coating) required for this study will be described. Additional 
information concerning the DFI instruments and locations can be found in Ret- 11. 
Instrumentation used to define transition along the orbiter windward center lin e i-3 
depicted in Fig. 2. Detailed locations of these instruments, along with orbiter 
"body point" numbers and instrument idenc Lf i cation numbers, are listed in Tackle 1- 

Because of various malfunctions with the DFI data recorder, entry data cor 
STS-1 and STS-4 were obtained by telemetry for the portion of entry occurring af^er 
blackout. Approximately the first 1050 seconds of data were lost for these 
flights. Despite these problems, the complete transition location history w^s ob- 
tained on STS-4 and roughly half of it was obtained in STS-1. Data were obtained 
through the complete entries of STS-2, STS-3, and STS-5. 


Surface Roughness 

To estimate the effects of surface* roughness on transition, information de- 
fining the magnitude and distribution of roughness over the orbiter is necessary. 
Referring again to Fig. 1, the qualitative features of roughness resulting from 
the TPS tile misalignments and gaps are readily visible. The majority of these 
tiles are 6" square with gaps ranging from 0.045" to 0-06". However, quantitative 
features of these roughnesses are difficult to obtain and as yet have not *been 
determined. Nevertheless, an estimate of the roughness was made for the purposes 
of this paper. This estimate was based on two sources of data. First, tile mis- 
alignment heights were measured on vibro-acousic test panels used to simulate the 
response of orbiter structural panel 3 and TPS tiles to vibration and acoustic loads 
experienced during launch. Tile misalignment heights were measured before acd 


after the tests. The measurements formed an approximate Gaussian distribution, 
with a mean value of approximately 0.03". Maximum values for these measurements 
were approximately 0.07". 

Roughness estimates were also made using the distributions or allowable routi- 
nes s used by the workers who installed the TPS tiles on the orbiter. As indica- 
ted in the Introduction, allowable roughness specifications were initially very 
stringent, but were eventually relaxed as more information was obtained on the 
effects of roughness on transition for the orbiter. Figure 3 illustrates the dis- 
tribution of allowable roughness used to guide the initial installation of TPS 
tiles, in addition to the distribution used for the final ohase of tile installa- 
tion that was occurring at the time of orbiter rollout. The allowable roughness 
snec if i cations used in the latter phase also included a specification on gap wicrt 
(k a - (k^ + (w - 0. 045)2) ■>), The effects of gaps were shown^ to be somewhat laus 
effective than misalignment height. 

These are maximum allowable roughness distributions do not imply that 
all tiles were installed to these specifications. Because the tile installation 
procedures and materials used for the orbiter and the vibro-acoustic test models 
were nearly identical, similar Gaussian distributions of misalignment heights wom_d 
be expected for each phase of the installation process. Therefore, the mean values 
can be estimated to be the average of the two ends of the distribution function ziz 
each installation phase (the average of zero and k a , or k a /2). Because the perceit- 
age of tiles installed during each phase was not readily available, and because or 
the nature of this estimate, the mean values of the final phase were used to provide 
an initial estimate of the surface roughness. This estimated roughness distribu- 
tion is also shown in Fig. 3. This averaged roughness distribution and the vibro- 
acoustic model results were used as a guide in selecting roughness values to be 
used in calculating transition parameters that required roughness dimensions. 

A significant, localized deviation to this roughness distribution occurred air- 
ing the flight of STS-1. During this flight, ascent debris caused a large gouge 
(approximately 8" x v J :ip) in the TPS surface on the right forward landing 
gear door. This location is just off the centerline near x - 0.G5T-. The effect if 
this damage on the times of transition will be shown in a subsequent section. 


Orbiter Test Conditions 

The free-stream entry conditions for the OFT program are depicted in Fig. 4 by 
the dimensionless flow parameters Reoo l and Mjo. The range of these parameters used 
for the wind tunnel test program is also shown for reference. Icentif ication of 
transition onset and completion is also indicated for each trajectory. Note that 
the onset value for STS-1 is not shown because of the DFI recorder malfunction. 

Also note that the location of transition onset is defined to be at the 99Z length 
station (i.e., x = 0.99L). The location of transition completion was arbitrarily 
defined to be at x = 0.1L. This location, was chosen because it essentially covered 
the complete orbiter centerline, and also because transition further forward oc- 
curred well past hypersonic flow conditions and was well outside the range of the 
wind tunnel data base. This occurred possibly because of the very favorable pres- 
sure gradient that is present along the forward 15Z of the orbiter centerline. Pre- 
dictions of the pressure d is tT i butions along the ‘centerline are presented in Refs. 

3 and 4. This result suggests that the orbiter roughness in this region is not as 
effective a boundary layer trip as the same roughness located further downstream. 
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This observation is basically consistent with the results presented by Morr isette* J , 
who showed that roughness in this region had to be two to seven times as large as 
roughness in low-pressure-gradient regions to be as effective at tripping tne 
boundary layer. 

The important point shown in Fig. 4 is that transition occurs over most of toe 
centerline for a narrow range of relatively low free-stream Mach numbers. That is. 
transition starts near Mach 10, and is essentially complete near Mach 7. These con- 
ditions occur well past peak heating, and therefore contribute very little to the 
heat load experienced by the orbiter during entry. Also note thar in terms of these 
parameters, the wind tunnel conditions provided a reasonable test environment. 

To help relate these parameters to entry time, histories of rree-strean Reyn z.zi 
numbers are shewn in Fig. 5 for all five flights. The times and values of Re^L 
for transition onset and completion are also depicted, along with the range or Re-.! 
used in the wind tunnel test program. BecaiKfe of planned trajectory differences, 
the times of transition onset and completion are observed to occur earlier with 
successive OFT flight, except for STS-1, which has the earliest transition onset. 
This occurred because the TPS roughness on STS-1 was much greater than the other 
flights due to the previously discussed ascent debris damage- Note also that the 
values of Re^ l at transition onset and completion are approximately the same for 
each of the flights, with the exception of transition onset for STS-1. For opera- 
tional purposes, this may be an adequate parameter for predicting transition, if 
the trajectories and roughness remain about the same. 

Additional information regarding the entry trajectories is shown in Fig- 6, 
where histories of orbiter angle of attack are depicted along with the times of 
transition onset and completion. Note that, for all cases, the angles of attack 
for transition onset and completion are approximately 40° and 25°, respectively. 

For this angl e-of-attack range, the wind tunnel data base indicated very little 
affect of angle of attack alone on transition. 

The times used in the previous two figures were measured from entry interface, 
which is assumed to occur at approximately 4 x 10^ feet altitude. For reference 
purposes, the Greenwich mean time (GMT) is listed in Table II aJong with the alti- 
tude, velocity, and angle of attack for each OFT mission. This will be u£erul 
when comparing these results to other interpretations of the flight data base. 


DISCUSSION OF RESULTS 


Temperature histories of the TPS surface, obtained from DFI surface thermo 
couples, were used to establish the times of boundary Payer transition along the 
orbiter centerline. Locations of the instruments are shown in Fig. 2. Transition 
at a given instrument occurred when the temperature history deviated or jumped sig- 
nificantly from an otherwise smooth behavior. Figure 7 depicts typical surface 
temperature histories for instruments located along the centerline at x = 0.1L, 
x = 0.5L, and x = 0.9L for 3TS-3. Transition times are indicated by the. arrows. 
Examination Of all the temperature histories in this manner was used to establish 
transition for all flights and instruments. Times of transition, along with all 
free— stream conditions necessary to calculate transition parameters, are listed in 
Table III for these flights and DFI instrument locations. Comparison of transition 
parameters obtained from these data will be made with wind tunnel test results in 
the next section. 



Comparisons of Flight and Wind Tunnel Data 

By comparing transition data from flight and hypersonic wind tunnels ar com- 
parable simulation conditions — and recognizing that the major difference in simula- 
tion parameters at these conditions was the level of ^ree-stream noise — differences 
in transition results can be attributed to the presence cf this free-stream noise. 
The objective of these comparisons will be to identify regions on the orbiter where 
these differences are at a minimum and use these results to improve the prediction 
methodology for the orbiter and to provide insight into the use of wind tu nne l data 
for making similar predictions on other vehicles, 

Free-Stream Conditions . The variations of the locations of transition with 
R e ® L> calculated at the time of transition for these locations, are illustrated 
in rig. 8. Also shown are the same parameters taken from the wind tunnel data base 
which used smooth and rough models. The first thing to note from this comparison 
is that the transition locations aft of x 3 0.15L appear to be much more sensitive 
to Reoo,^ for the flight data than the wind tunnel* In fact, at flight, transition 
moves forward to x ** 0.15L at approximately a constant Reynolds n umb er. However, 
the Reynolds number at which this occurs varies somewhat from flight to flight. 

The behavior of the STS— 1 data is an anomaly because of the additional surface 
roughness that occurred on this rlight. However, these data do tend to follow the 
Reynolds number dependence of the wind tunnel data, possibly because of t*ne f over- 
lapping effects of noise and roughnejs in the wind tunnel data. Also, because the 
very large localized roughness on SIS— 1 was off centerline, which may have caused 
early nonsymoetrical transition about the centerline, agreement with any correla- 
tion based on symmetrical data alone would be fortuitous. Insufficient data exist 
off centerline to verify this hypothesis. Another point concerning these data is 
that the wind tunnel and flight data are in relatively good agreement in the region 
between x/L of 0.1 to approximately 0.4. This suggests that the effects of free- 
stream noise may not be a significant factor in causing transition in this region 
because of other disturbances coming from surface roughness and the shock layer eo- 
tropy gradient within the curved bow shock. Similar agreement will be shown for 
the transition parameters based on local flow conditions in the next section. 


Local Flow Conditions . Predictions of local flow field and boundary layer prop- 
erties have been made for most of the DFI locations along the orbiter center li for- 

the STS missions. These predictions were based on correlations of numerical flow- 
field solutions made for the orbiter windward surface for the design trajectory 
using the methods developed in Ref. 3. Parameters relevant to correlating transi- 
tion data have been predicted for theca instrument stations at times of transition 
for each trajectory. These predictions are listed in Table IV. 

Selected flow parameters (M, Re x , Reg/M, and Re^) from Table XV are graphically 
illustrated in Fig. 9, along with these same parameters obtained from the wit*i tun- 
nel test program. Figure 9(a) shows distributions of the local Mach number at the 
times of transition for each centerline station. With rare exception, transition 
values of local Mach number, H tr , obtained at 30° and 40° angle of attack at wind 
tunnel conditions embrace the values of M tr predicted at flight conditions. 3asi- 
cally, these results show that the wind tunnel conditions provided an excellent sing- 
ulation of local Mach numbers for the flight conditions associated with transition. 

In addition, the values of M tr at transition are relatively low (i.e., M Cr < 2.5). 

In Fig. 9(b) , distributions of local Reynolds numbers obtained from the flight 
and wind tunnel transition results are presented. As expected, transition values 
of the local Reynolds number, ^ e x,tr> flight conditions are almost always higher 
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than values from the wind tunnel at comparable centerline locations. Actually, 
there is as much variation in the flight data as the wind tunnel data, which sug- 
gests that this parameter does not correlate the data very well. This is parcicu 
larly true when both wind tunnel and. flight data are considered. However, these 
distributions do reveal that some sources of flow disturbances may be present or 
the forward 407 of the orbiter, because both sets of data show a significant re uc 
tion in values of Re x Cr in this region. At flight conditions, these disturbances 
could come from a combination of shock layer gradients and surface roughness. In 
the wind tunnel, free-stream noise can be added to these disturbances. However, ^ 
other factors may also be contributing this behavior aDd general lack o corre a 
tion using Re x tr . For example, Re x>tr alone does not correlate the effects of the 
boundary layer ’ gradients or of surface roughness or temperature conditions, but 
only the effects of edge conditions. 


In attempts to account for these differences and' 3ther flow parameters, inves- 
tigators have developed a number of correlation parameters using various combma 
tions of edge and boundary layer factors. Because it accounts for boundary layer 
properties as well as edge compressibility effects, Re 0 /M has evolved as one of the 
more popular forms of transition-correlating parameters and was selected here to 
represent this class of correlation parameter. Distributions of transition values 
of this parameter, (Ree/M) tr , for both wind tunnel and flight conditions are pre- 
sented in Fig. 9(c). Again, possibly because of a combination of shock layer and 
surface roughness flow disturbances, significant reductions m the values of thi 
parameter occur for the forward 40Z of .the orbiter at flight conditions However, 
by using (Ree/M) tr as a correlation parameter, the wind tunnel and flight data 
correlations are in better agreement in this region, but remain significantly dif- 
ferent in the dpwnstream region. 

Thus far, the correlation parameters considered have not included the very im- 
portant effects of surface roughness or of temperature. Braslow and others have 
shown that the roughness Reynolds number, Re^ a Reynolds number base on roug. ness 
height and boundary layer conditions at the top of the roughness--successfully cor- 
relates transition data over a range of local Mach numbers from approximately 0 to 
4. In defining Re k , values of surface roughness and temperature have to be kno-ra. 
For a givan roughness, transition was shown 5 ’ 6 ’ 7 to be very sensitive to Sanations 
in surface temperature in the wind tunnel test program. This occurred because by 
cooling of the boundary layer, the density of the flow near the surface and at the 
top of the roughness would increase accordingly. Values of Re^ increased in proper 
tion to the density. The effects of the changes in viscosity and velocity were less 
significant . 

In the section covering surface roughness, the average roughness distribution 
was estimated to range from 0.03" to 0.1". To cover this range, transition values 
of the roughness Reynolds number, Rek,tr« were calculated using three values of 
roughness: 0.03", 0.06", and 0.1". Values of Rek.tr for all three values of k, 
calculated using the surface temperature at flight, are listed in Table IV lor » a 
the flight transition times. Values of Re k>tr at wind tunnel conditions were cal- 
culated in Ref. 7 using the surface roughness and temperature conditions of the 
wind tunnel models. Figure 9(d) presents distributions of Rfifc.tr (using an average 
value of k = 0.06") from the flight and wind tunnel data bases. As before, 1 ® r 8 e 
differences in the flight and wind tunnel data bases exist downstream of the 40Z 
station, probably because of wind tunnel noise. However, agreement between these 
two data bases has improved in the upstream region using the correlation parameter 
Re w tr , which accounts for not only edge and boundary layer conditions but also 
accounts for surface roughness and temperature conditions. This suggests that t e 
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effects of the surface conditions are dominant in the upstream region* while fur- 
ther downstream, the effects of tunnel noise domitiate the transition process m 
wind tunnel test 3 . This further suggests that if transition distributions ob- 
tained from wind tunnel data were extrapolated to flight conditions, transition 
predictions would be conservative in the downstream region and reasonably reliable 
in the upstream region. This thought will be discussed its the next section, which 
compares predicted transition times with flight data for the orbiter centerline. 


Transition Predictions 

Using wind tunnel data alone, several transition prediction method o logics were 
developed in Refs. 5, 6, and 7. These methods all had one thing in ccmon: the 

transition parameter (e.g., x tr /L, Re x tr , (Se 0 /M) tr ) used for maic? ng predictions 
of roughness -induced transition was correlated in terms of a departure from the 
same parameter correlated using smooth body data alone\* iTiis departure was func- 
tionally related to a roughness parameter (e.g., 6*/k or Re^) using the wind tun- 
nel data. Tor more details on these parameters and correlations, see Ref. 7. 

The correlation judged best suited for making preflight predictions was based 
on a departure of Reg/M from the smooth -body transition values as a function of 
Re ' K This was selected because the smooth body prediction methodology was 

already baf.ed on Reg/M (see Fig. 9(c)). This correlation, reproduced from Ref. 7, 
is shovn in Fig. 10. The normalized or relative transition parameter z, is the 
ratio of Reg/M at roughness-induced transition conditions to Reg/M at smooth sur- 
face conditions (i.e., £ * (Reg/M) tr,R^ Re 9/ M ^ tr ,S.) • The reference rougfiness P^eynclds 
number Fe]t,x=0.1L is calculated at the 10Z centerline station for the conditions 
of transition. Several factors were involved in selecting x = O.lL as the refer- 
ence location for calculating the transition parameter accounting for the effects 
of surface roughness and temperature. Initially, the orbiter was expected to 
have relatively uniform surface roughness, which suggested that any point might 
be adequate. Furthermore, at the time the correlation was developed, it was rela- 
tively difficult to calculate Re^ over the complete vehicle, but Re^ co^ald be cal- 
culated relatively easily and accurately at x a 0.1L. However, the most important 
factor was the observation that when surface roughness and temperature effects did 
cause transition to move forward, transition would move to this geaeraL area. In 
addition, this location was at the end of the favorable pressure gradient region 
coming from the nose. Therefore, this location, which had the largest values of 
Re^ for low-pressure -gradient areas, would better reflect the effects of surface 
roughness on transition for the rest of the vehicle, which also had very low pres- 
sure gradients. 

Also noted on Fig. 10 are the values of Re^ x=*0.1L cause transition to 

move forward at various rates on the rbiter. Surface roughness and cocling had 
no measurable effects on transition location for values of Re^x^O.IL. l^* 8 than 
30. This is defined as the incipient value of R®k f x s 0.1I. because it is the value 
chat causes E, to decrease just below unity. The effect of roughness and cooling 
on Transition is minimal until Re^ X =0.1L reac ^ es a value of 110, which is called 
the critical value. *_£bove the critical value, the relative transition parameter 
decreases rapidly (transition moves rapidly upstream toward the nose) 'atil 
Re k X =Q . 1L reaches 3 value of 180. This is the minimum value of Re< tX =0.1L ^ c h 
will move transition the furthest forward for the test conditions. Therefore, 180 
is defined as the effective value of Re^ ? x=0.1L> because the roughness elements 
are now serving as effective tripping devices. 
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Preflight Predictions . The correlation shown in Fig. 10 served as the basic 
part of the preflight transition prediction methodology. The smooth surface transi- 
tion correlation based on Re^/M, which is shown in Fig. 9(c), completes the method- 
ology. To predict the locations of transition at flight, a history of the values 
of R^jX^O.II rausC known for the trajectories. Such a history is shown in Fig. 

11 for the STS trajectories. A nominal roughness value of 0.06" was used in calcu- 
lating Rep y=0.1L* This value of k seemed to be a reasonable estimate based on all 
the considerations given in the roughness section. The effects of selecting differ- 
ent roughness sizes on the predictions of transition were investigated m Ref. 7 
frr the design trajectory. 

To predict the location of ♦'ransiticn for a given trajectory at a particular 
time, use Fig. 11 to determine the value of Sep X =0.1L at this time. With this 
value, enter Fig. 10, and obtain a value of the relative transition parameter 
Knowing the smooth surface distribution of (Reg/M) tr c (as given by the correlation 
in Fig. 9(c)) and the value of £, the new value ’of (&eg/M)t r> R that accounts for the 
effects of roughness on transition at this t'ime can be calculated. With this value 
and a calculated distribution of Rug/M for this particular time, the roughness- 
induced transition location can be determined for this time. Histories of Reg/M 
have to be calculated for each trajectory. These calculations have been made for 
the five STS trajectories, and the resulting predictions of transition times are 
presented in Fig. 12 for the DFI locations given in Table IV. Predictions were not 
made for all the stations because local flow models were not available for the miss- 
ing stations. The predicted times of transition follow the trends of the transi- 
tion parameters shown in Figs. 8 and 9 in that the transition predictions based on 
wind tunnel data alone were very conservative downstream of the 30Z to 40Z sta- 
tions. The exception observed for ST3-1 in Fig. 12(a) occurs because of the pre- 
viously mentioned TPS damage, resulting in a relatively large localized roughness 
just off centerline near the nose region. Predicted transition times forward of 
the 30Z to 40Z stations are in very good agreement with the data. These results 
are consistent with the previous discussion concerning roughness and the effects of 
free-stream disturbances on the tunnel data and resulting correlations. In addi- 
tion, note that the predictions for x = 0.025L are very approximate because the 
prediction correlation did not include wind tunnel transition data from .this very - 
high pressure gradient region. 

Postflight Comments . There are several ways that the prediction methodology 
can be unproved. The first step would be to remove the smooth -surface data front 
the correlation parameter, because of its sensitivity to free-stream noise. How- 
ever, as previously noted, even a large part of the rough -surf ace wind tunnel data 
in the downstream region seem to be sensitive to tunnel noise. To avoid this, one 
could simply correlate the flight data and possibly use the wind tunnel data to sup- 
plement the correlation. For example, for future operational flights, local values 
of Se^ that cause transition could be predicted by using the averages of the four 
previous flights. This methodology would be particularly useful if predictions of 
the effects of significant changes in roughness distributions *re required. Also, 
by using this approach, the equivalent roughness size for STS-1 could be estimated 
.by trial and error. This may be -a good thing to do to support operational require- , 
ments. However, the primary objective of this paper is "to provide additional in- * 
formation and insight into the requirements for '■developing a reliable transition 
methodology based primarily on wind tunnel data . . 

The very good agreement between the predicted and measured transition times in 
the 10Z to 20Z centerline region suggests that the wind tunnel simulations and cor- 
relation of transition in this region must have been very good. This must have 
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occurred because surface roughness and shock layer disturbances dominated the tran- 
sition process in this region at both wind tunnel and flight conditions. This was 
possible because of the relatively thin boundary layer and highly curved bow shock 
near the forward part of the orbiter. This consistent with the discussion of 
Fig. 9(d). The fact that transition troves rapidly to the location of the effective 
roughness Reynolds number region, also in this region, is consistent with the find- 
ings of Ref. 7 shewn in Fig. 10. One could conclude from this that transition 
uimcs in this region could be predicted with the effective roughness Reynolds num- 
ber obtained from the wind tunnel data. 

ibis prediction of effective transition can be simply accomplished by enter- 
..ng Fig,, U with the effective value of Re^ (i«e*> 180) and extracting the 

tines of effective transition in the 101 to^OZ region for each trajectory. The 
results of this operation are shown in Fig. 12. The agreement with flight data 
is very good. 

The fact that the flight transition moved forward so rapidly also suggests 
that the transition process occurs similarly to the process observed in the wind 
tunnel when the roughness Reynolds numbers were increasing from critical to effec- 
tive values. The only difference between the^e tests was that for the wind runnel 
te.scs* uhe locations of transition were already on the erbiter when Re^ x=0 . 1L 
was critical, whereas for the flight tests transition was not yet on the arbiter. 
This occurred because tunnel noise and roughnest both affect transition in the 
critical transition process, thus causing transition to be further forward at this 
time in the tunnel. Therefore, it could be possible to predict transition onset 
for the orbiter bv using the critical valu^cf Re|r x=0.1L ^* e *> 11G) just as was 
done using the effective value. These results are also indicated in Fig. 12. The 
agreement with transition onset is excellent for all flights except S7S-1, which 
is as expected because of the differences in the surface roughness. 

No attempt has been made to establish a prediction of the distribution of tran- 
sition times between the critical and effective points. However, considering how 
quickly transition coves forward and the general uncertainties in the methodology, 
connecting two points with a straight line should provide adequate predictions 

for design purpose*. 


CONCLUDING REMARKS 


Surface temperature measurements from the windward, centerline of the Shuttle 
orbiter have been used to define the locations of boundary layer transition during 
entry for the first live orbiter flights. Because the orbiter windward surface is 
composed of a large number of thermal protection tiles, the transition data include 
the effects of distributed roughness arising from tile misalignment and gaps. These 
data are used as a benchmark for assessing data from previous wind tunnel tests and 
for improving the accuracy of boundary layer transition predictions b^sed cn corre- 
lations of wind tunnel data taken on both aerodynamic ally rough and smooth orbiter ' 
models. Specifically, by comparing the data from these two environments, the rel- 
ative importance of tunnel free-stream noise and of surface roughness cn orbiter 
boundary layer transition predictions can be estimated. Brsed on these data, the 
following conclusions are made. 

Free- stream di ,turbances dominate transition in the wind tunnel downstream 
° L x 0.4L . This ccr.c :sion is based on the observation that at early flight 
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times, transition locations based on wind tunnel data are si rnir icant I*, 
up3traaa than those actually measured during flight. This occurs bucai 
oldo number is relatively low, the boundary layer is relatively thick 5 
tile-related roughness is submerged, and the wall temperature ratio, 7^ 
which is usually considered as stabilizing. Because the wind tunnel s: 

* ocal ^rans i tion parameters was generally very good, ’’tunnel noise’' is 
a dominant factor in the transition process in the wind tunnel downs tr* 

->0Z station. Since there are no corresponding background d^* sr ^roances 
flight environment, transition occurs later in flight than one would o: 
wind-tunnel-based correlations that use data from this noise-dominated reaion. 

2) Surface roughness and, perhaps, shock layer disturbances dominate transi- 
tion at both flight and wind tunnel conditions upstream of x * 0.4L. This is based 
on the fact that, at later flight times, the transition locations are i.; relatively 
good agreement with the predictions bused on v' ad tunnel data. At ftiess times, the 
Reynolds numbers are relatively high so that ttie boundary layer is relatively thin, 
and, therefore, the tile-related roughness produces significant pert urban ions to 
the flow. Furthermore, the surface temperature has increased and T 0 has decreased, 
so chat surface cooling is no longer as stabilizing as it was. Thus, the transi- 
tion process is probably dominated by surf ace-roughness -induced perturbations and 
entropy gradient disturbances associated with the curved bow shock wave. Because 
the misaligned tiles are now serving as effective boundary A ayer trips, tunnel 
noise dots not si gnif i cant ly influence the transition locations. Therefore, the 
measured locations of transition at flight are in reiatwely good agreement with 
wind— tun. re 1- based predictions. 

3) Times of transition onset and completion at flight conditions 

correspond to timius when the reference roughness Reynol number, Re^ x _ a i* . 
reaches, respectively, its critical and effective values. These values, which are 
110 and 180, respectively, were established from previous wind tunnel data analy- 
ses. This relationship can be used as a relatively simple improvement to the*ciu- 
rent transition prediction methodology. This is possible because these transition 
values are surface roughness dominated and, therefore, are relatively insensitive 
to the effects of wind tunnel noise. 


SYMBOLS 

k height of the misaligned tiles 

L arbiter axial length, 107.75 ft 

M Mach number 


Re k 

Reynol ds 

number 

based 

on 

uond ition ~ 

at the top of the misaligned tiie 

Re0 

Reynolds 

thickness 

number 

based 

on 

local f . 

^perties arid the momentum 

Re °°, L 

Reynolds 
1 ength 

number 

based 

on 

free- stream 

flow properties and the arbiter 
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T 


temperature 


V 

w 

width of tile gaps 


X 

axial coordinate 


a 

angle of attack 


c* 

displacement thickness 


y momentum thickness 

£ relative transition location defined in Fig. 10 

Subscripts : 


o 

evaluated 

at 

the 

stagnation 

conditions 

tr 

evaluated 

at 

the 

transition 

location 

V 

evaluated 

at 

the 

wall 


CD 

evaluated 

at 

the 

free-s tream 

conditions 


REFERENCES 


1. Ried, R. C., Jr., Goodrich, W. D. , Strouhai, G. , and Curry, D. M. , "The Innor- 

tance of Boundary-Layer Transition to the Space Shuttle Design," Proceedings 
of the Boundary-Layer Transition Workshop held Nov. 3-5, 1971. Ae-osoace 
Report No. TOR-0172 (S2816-16) -5, Dec. 20, 1971. . ' 

2. van Driest, E. R., and Blumer, C. B., "Boundary-Layer Transition at Supersonic 

Speeds - Three-Dimensional Roughness Effects (Spheres)," Journal of the Ae’ro- 
space Sciences , Aug. 1962, Vol. 29, No. 8, pp. 909-926. 


3 . 


4. 


5. 


6 . 


Goodrich, W. D., I.-, C. P., Houston, C. R. , Chiu, P., and Olmedo, L., 

Numerical Computations of Orbiter Flow Fields and Laminar Heating Rates" 
Journal of Spacecraft Rockets. May 1977, Vol. 14, No. 5, pp. 257-264. 

Rakich, J. V. and Lanfranco, M. J., "Numerical Computation of Space Shuttle 
Laminar Heating and Surface Streamlines," Journal of Spacecraft and Rockets 
May 1977, Vol. 14, No. 5, pp. 265-272. ! 

Bertin , J. J., Idar, E. S., Ill, and Galanski, S. R., "Effect of Surface Cool- 
ing and Roughness on the Heating (including Transition) to the Windward 

° f the . Shuttle Orbiter", Aerospace Engineering Report 
.7002, Apr. j.977 , The University of Texas at Austin. 

Bertin, J. J., Idar, E. S., Ill, and Goodrich, W. D., "Effect of Surface 
Cooling and Roughness on Transition for the Shuttle Orbiter", Journal of 
Spacecr att and Rockets , March-April 1978, Vol. J5, No. 2., pp~ fl3-ll9. 

Bertin, J. J., Hayden, T. E., and Goodrich, W. D., "Shuttle 5oundary-Layer 
Transition Due to Distributed Roughness and Surface Cooling", Journal of 
Spacecraft and Rockets. Sept. -Oct. 1982, Vol. 19, No. 5, pp. 389-396 


.'1 

iii 


764 


8 . 


Goodrich, W. D., Derry, S. M. , and Maraia, R. J., "Effects of Aerodynamic 
Heating and TPS Thermal Performance Uncertainties on the Shuttle Orbiter," 
in Entry Heating and Thermal Protection , Vol. 69 of Progress in Astronautics 
and Aeronautics, Walter B. Olstad, ed. (1980) pp. 247-268. 

9. Dryden, H. L., "Review of Published Data on the Effect of Roughness on Transi- 
tion from Laminar to Turbulent Flow", Journal of the Aeronautical Sciences , 
July 1953, Vol. 20, No. 7, pp. 477-482. 

10. Pate, S. R,, "Induced Boundary-Layer Transition at Supersonic Speeds: 

Combined Effects of Roughness and Free-Stream Disturbances," May 1970, AIAA 
Paper 70-586. 

11. Smith, J. A., "STS-3 Structural and Aerodynamic Pressure and Aerothermody- 

naraic and Thermal Protection System Measurement Locations," Thermal Tech- 
nology Branch ES3-82-1, NASA Johnson Space Center JSC 17889, Houston, TX, 
January 15, 1982. 

12. Bertin, J. J, and Keisner, A., "Effects of Step and/or Gap Tile Misalignment 

on Shuttle Transition," Aerospace Engineering Report 78003, The University 
cf Texas at Austin, June 1978. 

13. Morrisette, E. L., "Roughness Induced Transition Criteria for Space Shuttle- 

Type Vehicles," Journal of Spacecraft and Rockets, February 1976, Vol. 13, 

No. 2, pp. 118-120. 

14. Braslow, A. L., "A Review of Factors Affecting Boundary-Layer Transition", NASA 

TND-3384, Apr. *1966. 


765 


TABLE I.- IDENTIFICATION AND LOCATION OF FLIGHT 
THERMOCOUPLES USED FOR SPECIFYING THE TIMES 
OF BOUNDARY LAYER TRANSITION 


Instrument 

Identification 

number 

Body 

point 

number 

X 

L 

x, a 

in. 

Y, 

in. 

V09T9341 

1020 

0.0257 

268.0 

+ 1.2 

V07T9452 

1100 

0.099 

361.7 

-4.9 

V07T9462 

1140 

0. 141 

416.5 

0.0 

V07T9463 

1160 

0.164 

446.2 

-3.9 

V07T9464 

1200 

0. 196 

486.5 

-6.6 

709T9381 

1250 

0.257 

565.0 

-4.2 

V09T9421 

1300 

0.288 

604.7 

-8.4 

V07T9468 

1300 

0,299 

618.9 

0.0 

V07T9471 

1400 

0.404 

754.7 

0.0 

VC9T9521 

1500 

0.501 

878.9 

-12.8 

VO' T9478 

1600 

0.598 

1003.8 

0.0 

V07T9481 

1700 

0.695 

1128.0 

0.0 

V07T9487 

1800 

0.801 

1265.0 

0.0 

V07T9489 

1900 

0.900 

1391.5 

0.0 

V09T975I 

* 1950 

* 0.952 

1458.2 

0.0 

V07T9492 

1990 

0.993 

. 1511.1 

+ 1.3 

a X = x + 235. 


TABLE II.- MISSION TIMES USED TO DEFINE ENTRY 
INTERFACE FOR EACH FLIGHT, ALONG WITH 
SELECTED TRAJECTORY PARAMETERS 

Mission 

Alt, 


a, 

Mission time 

number 

ft 

ft/sec 

deg 

(GMT), 

sec 

STS-l 

399840 

24555.8 

41.22 

9049750 

STS -2 

400141 

24516.9 

41.09 

27550239 

STS-3 

400102 

24451.5 

40.97 

7745683 

STS-4 

400049 

24439.6 

40.97 

16040426.6 

STS -5 

400200 

24398.0 

40.83 

27698594.9 


"ABLE III.- FREE-STREAM CONDITIONS AT TIMES OF BOUNDARY LAYER TRANSITION 
ALONG THE ORBITER WINDWARD PITCH PLANE 


C 


9a 





x tr* 

Tlb« , 

Alt , 

V-, 

3. 

T-, 

P-, 

<WL0 5 , 

K. 


L 

ICC 

It- ft 

ft/.ec 

deg 

u s 

lb f 

ft* 

• lug* 

~U T 


* ".XT' "6 


STS-l 


0.025 

1716 

33.8 

722 

7.3 

394 

548.5 

81.16 

0.7* 

211- 

G.I 

1337 

121.1 

5402 

23.6 

440 

9.646 

1.279 

5.26 


0. Ii 

1320 

131.3 

6239 

26.4 

447 

6. 242 

0.81 

6.02 

19- 

0.16 

1272 

144.3 

7377 

30.5 

463 

3.603 

0.4634 

6.99 

10 -*'8 

0.20 

1272 

144.3 

7377 

30.5 

463 

3.681 

0.4634 

6.99 

10 -~B 

o.:s 

1231 

154 9 

8465 * 

34.3 

480 

2.448 

0.2974 

7.89 

'-"2 

0.3 

1220 

155-4 

5783 

33.7 

480 

2.306 

0.2800 

8.17 

*-53 

3.4 

1139 

m. 5 

11279 

38.6 

464 

1.278 

0. 1605 

10. *8 

5 - r9 

C.5 

1136 

172.2 

11374 

38.7 

464 

1.249 

0.1568 

10.77 

5-iI 

0.6 

<1052 

134.7 

14i 79 

39.5 

455 

0.7535 

0.096** 

13.56 

*-37 

0.3 ^ 

No 

data prior 

to 1052 «ec. 







0.9? 










STS-2 

0.025 

1710 

41. 

837 

5.3 

380 

392.2 

60.11 

0.85 

18b_5 

0.1 

13AO 

129.9 

6479 

25.6 

439 

5.912 

0.7853 

6.31 

15. & 

0.1* 

1319 

135.0 

6962 

27.8 

449 

4.790 

0.62 

6.7 

13 -*5 

0. 15 

1279 

145.0 

7952 

31.9 

466 

3.093 

0.39 

7.51 

>.£3 

0.2 

1209 

143.4 

7704 

30.8 

459 

3.414 

0.4341 

7.34 

10- £3 

0.25 

1 263 

146.3 

8235 

33. 

474 

2.809 

0.3454 

7.72 

S.U 

0.3 

1262 

149.3 

8396 

33.4 

474 

2.702 

0.3319 

7.36 

8-£2 

0.4 

1261 

149.5 

8424 

33.5 

474 

2.687 

0.3305 

7.9 

5-5*9 

0.5 

1249 

150.5 

8758 

33.2 

474 

2.565 

0.317C 

3.21 

8-fc2 

r.6 

1240 

151.5 

9014 

33.1 

475 

2.488 

0-3055 

8.44 

8.53 

0.7 

1233 

152.8 

9214 

33.2 

476 

2.363 

0.2893 

8.62 

a.r2 

0.8 

1232 

153. 

9242 

33.2 

476 

2. 345 

0.2869 

8.64 

8.17 

0.9 

1232 

153. 

9242 

33.3 

476 

2.345 

0.2869 

8.64 

8-17 

0.9? 

1200 

160. 

10212 

36.6 

472 

1.79* 

0.2215 

9.39 

7.22 


STS-3 


0.025 

1630 

39.1 

772 

5.1 

384 

423.2 

64.33 

0.8 

182- r 

0.1 

1252 

131.4 

6386 

26.6 

447 

6.032 

0.7973 

6.17 

16.32 

0.1* 

1103 

149.2 

8100 

32.7 

480 

2.95? 

0.3591 

7.54 

1.11 

0.16 

1133 

149.2 

8100 

32.7 

480 

2.959 

0,3591 

7.54 

8-92 

0.2 

1183 

149.2 

0100 

32.7 

480 

2.959 

0.3591 

7.54 

8.92 

0.26 

1363 

149.2 

8100 

32.7 

480 

2.953 

0.3591 

7.54 

8-*: 

0.3 

1183 

14 a . 2 

8100 

32.7 

480 

2.959 

0.3591 

7.54 

i.*i 

0.* 

1183 

1*9.2 

8100 

32.7 

480 

2.959 

0.3591 

7.54 


0.5 

1183 

149.2 

8100 

32.7 

480 

2.959 

0.3591 

7.54 

8.93 

0.6 

1148 

153.9 

9084 

33.5 

482 

2.473 

0.2990 

8.44 

0-2y» 

0.7 

1120 

159.4 

9911 

36.0 

482 

2.006 

0.2424 

9.21 

7.74* 

0.8 

1107 

152.6 

10329 

37.5 

480 

1.772 

0.2152 

9.62 

6-J3 

0.9 

1106 

162.9 

10362 

37.5 

480 

1.755 

0.2132 

9.65 

6.rr 

0.99 

1182 

160.7 

U 134 

38.7 

474 

1.402 

0.1723 

10.43 

5.4*. 

STS -4 

0.025 

1524 

43.8 

880 

5.6 

382 

345.2 

52.7 

0.92 

171-2 

0.1 

„ 1178 

129. 

6510 

24.9 

454 

7.309 

0.9381 

o.23 

19.5* 

0-1* 

1152 

135.8 

7201 

27.1 

461 

5.538 

0.6994 

6.84 

15-93 

o.ie 

1131 

142.7 

7805 

29.2 

472 

* .221 

0.52C7 

7.33 

12.62 

0.2 

1028 

174.7 

11028 

40.4 

478 

1.218 

0.1486 

10.3 

5.0*. 

o.y 

1028 

174.7 

11028 

40.4 

478 

1.218 

0.1486 

10.3 

5.3m. 

0.3 

1028 

174.7 

11028 

40.4 

478 

1.218 

0.1486 

10.3 

5.34* 

0.* 

1028 

174.7 

11028 

46.4 

478 

1.218 

0.1486 

10.3 

5-3*. 

0.5 

1028 

174.7 

11028 

40.4 

478 

1.218 

0.1486 

10.3 

5.3* 

0.6 

1028 

174.7 

11078 

40.4 

478 

1.218 

0.1486 

10.3 

5-04. 

0.7 

1027 

175.2 

11058 

40.4 

477 

1.194 

0.14?? 

10.33 

4. 9J7 

o a 

1029 

174.1 

10998 

40.3 

479 

1.242 

0.15 4 

10.26 

5. U1 

0.9 

1028 

174.7 

11028 

40.4 

478 

1.218 

0.1486 

10.3 

5.04. 

0. 99 

1029 

174. 1 

10998 

40 . 3 

479 

1.242 

0. 1514 

10.26 

5.:: 


STS-5 


0.025 

1607 

41.3 

839 

6.9 

391 

373.9 

55.82 

0.87 

169.7 

0.1 

1215 

135.8 

6893 

27.9 

442 

5.224 

C.6895 

6.69 

15 - 577 

0.14 

1140 

154. r 

8881 

35.1 

457 

2.418 

0.3085 

8.48 

8.73 

0.16 

1140 

154.5 

8881 

35.1 

457 

2.418 

0.3085 

8.48 

8.73 

0.2 

1140 

154.5 

8881 

35.1 

457 

2.418 

0.3085 

8.48 

8.73 

0.26 

1125 

L57.9 

9328 

36.7 

458 

2.108 

0.2684 

8.90 

7.97 

0.3 

1125 

157.9 

9328 

36.7 

458 

2.108 

0.2634 

£. 90 

7.97 

0.4 

1125 

157.9 

9328 

36.7 

458 

2.108 

0.2684 

8.90 

7.9^ 

C. 5 

1125 

157.9 

9328 

36.7 

458 

2.108 

0.2684 

8.90 

7.97 

0.6 

M22 

158.5 

9406 

37.0 

457 

2.057 

0.2625 

8.98 

7.8 r 

0.7 

1122 

!58. 5 

9406 

37.0 

457 

2.C57 

0.262S 

8.98 

7.S7 

0.8 

1122 

153.5 

9406 

37.0 

457 

2.057 

0.2625 

8.96 

7.87 

0.9 

1118 

159.8 

9563 

37.5 

455 

1.955 

0.2506 

9.15 

7.67 

0.99 

1120 

159.1 

9484 

37.3 

456 

2.006 

0.2565 

9.06 

7.77 
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TABLE IV.- LOCAL FLOW CONDITIONS AT TIMES OF BOUNDARY LAYER TRANSITION ALONG THE 

ORBITER WINDWARD PITCH PLANE 


L 


Tine , 
sec 


M 


Re x Reg T w , Ty 

xlC-« ~ °R T q 


Re v - 


V ( in . ) * 

0.03 0. Q 6 3 . 1 


STS- 1 


0.025 

0.1 

0.2 

0.26 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

0.99 

1716 

1357 

1272 

1231 

1139 

1136 

<1*052 

So data 

0.67 

2.13 

2.03 

1.84 

2.01 

2.01 

2.20 

pvior to 

4.93 
1.96 
1.56 
1.37 
1.73 
2. 14 
2.27 

1052 sec . 

991 

247 

218 

208 

217 

240 

239 

849 

1264 

1869 

1403 

1615 

1597 

1517 

1.94 

0.478 

0.447 

0.287 

0.263 

0.258 

0.183 

4145 

155 

63 

49 

39 

37 

31 

9019 

494 

189 

142 

108 

104 

82 

; 5 ioo 

1129 

404 

292 

214 

206 

163 






STS -2 





0.025 

0.1 

0.2 

0.26 

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

0.99 

1710 

1340 

1289 

1268 

1261 

1249 

1240 

1233 

1232 

1232 

1200 

0.8 
2.06 
2.05 
1.94 
2.05 
2. if 
2.15 
2.15 
2.15 
2.11 
2.29 

4.45 

1.26 

1.48 

1.63 

2.69 

3.37 

3.91 

4.44 

5.04 

4,95 

3.7 

819 

205 

211 

217 

274 

300 

321 

338 

362 

342 

293 

630 

1540 

1421 

1410 

1414 

1421 

1346 

1321 

1346 

1309 

1086 

1.44 

0.443 

0.322 

0.296 

0.289 

0.28 

0.257 

0.248 

0.252 

0.245 

0.189 

3572 

111 

62 

59 

53 

52 

49 

46 

45 

34 

24 

8112 

336 

182 

163 

158 

153 

147 

138 

134 

104 

73 

.3650 

734 

387 

339 

331 

321 

307 

289 

282 

222 

154 

• 





STS -3 





0.025 
0.1 
0.2 
0.26 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
0. 99 

1630 
1252 
1183 
1183 
1163 
1183 
114 8 
1120 
1107 
1106 
1082 

0.74 
2.0 
1.89 
1.92 
2.04 
2. 04 
2. 10 
2.02 
1.99 
2.13 
2.24 

4.35 

1.24 

1.19 

1.6 

2.84 
3.55 

3.84 
3.81 
4.04 
3.81 
3.26 

881 

208 

199 

221 

269 

316 

319 

#321 

334 

310 

278 

850 

1400 

1460 

1390 

1434 

1379 

1355 

1472 

1414 

1397 

1036 

1.96 

0.411 

0.313 

0.298 

0.306 

0.294 

0.257 

0.262 

0.245 

0.241 

0.170 

3468 

117 

55 
57 

56 
53 
50 
45 
42 
31 
23 

7909 

337 

159 

167 

167 

157 

147 

131 

121 

93 

67 

13320 

733 

331 

348 

353 

337 

307 

268 

247 

192 

138 
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Figure 5.- Histories c£ free-stream Reynolds numbers for the STS trajectories. 
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Figure 6.- Angie of attack histories 
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Figure 7.- Typical surface temperature histories used to locate times of transition. 
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Figure 7.- Concluded. 
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Figure 9.- Concluded 
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Figure 11.- Histories of Re^ for k = 0.06" for the STS trajectories. 
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Figure 12.- Comparisons of predicted and measured transition times for the first five 
STS trajectories. 
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Figure 12.- Continued. 
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Figure 12.- Concluded. 
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